Focal adhesions (FAs) are subcellular regions at the micrometer scale that link the cell to the surrounding microenvironment and control vital cell functions. However, the spatial architecture of FAs remains unclear at the nanometer scale. We used two-color and three-color super-resolution stimulated emission depletion microscopy to determine the spatial distributions and co-localization of endogenous FA components in fibroblasts. Our data indicate that adhesion proteins inside, but not outside, FAs are organized into nanometer size units of multi-protein assemblies. The loss of contractile force reduced the nanoscale co-localization between different types of proteins, while it increased this co-localization between markers of the same type. This suggests that actomyosin-dependent force exerts a nonrandom, specific, control of the localization of adhesion proteins within cellmatrix adhesions. These observations are consistent with the possibility that proteins in cell-matrix adhesions are assembled in nanoscale particles, and that force regulates the localization of the proteins therein in a protein-specific manner. This detailed knowledge of how the organization of FA components at the nanometer scale is linked to the capacity of the cells to generate contractile forces expands our understanding of cell adhesion in health and disease.
Introduction
Many physiological processes rely on cell adhesion to the surrounding extracellular environment, thereby controlling fundamental cellular behavior, such as cell proliferation, differentiation, survival, and motility. Cell adhesion to the extracellular matrix (ECM) is fundamental for embryogenesis and for the development and function of a large number of organs, such as the vascular and immune systems. Moreover, proteins that control cell adhesion are often mutated in diseases that are caused by disturbed cell migration, such as metastatic cancer.
Given their important roles in health and disease, cell adhesions have been extensively studied. More than 40 years ago, Abercrombie et al. described in great detail the movement of fibroblasts as they migrated on extracellular-matrix-coated glass cover slips [1] [2] [3] . Since then, the main model system to investigate the fundamental mechanisms of cell migration Abbreviations ECM, extracellular matrix; FARPs, focal adhesion-related particles; FAs, focal adhesions; ICCS, image cross-correlation spectroscopy; RICS, raster image correlation spectroscopy; STED, stimulated emission depletion. and adhesion has been two-dimensional cultures of fibroblasts on glass [4] .
Under these conditions, cell adhesion to the ECM is mediated through micrometer-scale structures that are enriched in adhesion proteins, called focal adhesions (FAs). These FAs physically link the cell to the extracellular environment, propagate mechanical cues, and elicit biochemical signaling events in the cell that control cell functions. More than 150 components and 380 potential-binding interactions can act within FAs [5] . Thus, FAs are considered to be complex multiprotein assemblies that are involved in the control of cell behavior.
Although the biochemical signaling events that involve FAs have been extensively studied, the nanoscale organization of proteins within FAs have for long remained unclear. A number of recent studies have used super-resolution photo-activated localization or stochastic optical reconstruction microscopy techniques to determine the spatial localization of proteins within FAs at the nanometer scale [6] . These two techniques are based on the principle that the ectopically expressed, fluorescently tagged molecules are photoactivated and the detected signal computationally processed to render an image. Using this approach, several studies indicate that at the nanoscale level, single fluorescently tagged proteins are localized in a punctuate pattern [7] [8] [9] [10] [11] . However, the spatial organization and the colocalization of different endogenous proteins within FAs at the nanometer scale has not been fully identified.
Colocalization algorithms are extensively used in biological studies in order to determine the extent of interaction between different molecular species. However, these algorithms can be highly influenced by the resolution of the system and the density of the labeled samples. Therefore, in a recent study, we evaluated and compared several colocalization algorithms by applying them to both simulated data and specific control samples in order to determine the algorithms best suited for high resolution stimulated emission depletion (STED) measurements [12] . Image crosscorrelation spectroscopy (ICCS) is most suitable for analyzing signals of different quantities and provide the best results, in particular when combined with an automated threshold algorithm [12, 13] . Correlationbased methods, such as Pearson correlation coefficient and ICCS, not only depend on the green and red intensity in the individual pixels, but also on how the distributions of these green and red intensities are correlated with each other over the whole image. Noncorrelation-based methods analyze only the pixel-wise coincidence of the intensity fluctuations, which to a larger extent is influenced by accidental fluctuations. However, scrutinizing similarities of green and red intensity fluctuations across the entire area by calculating a correlation function can greatly improve the reliability in quantifying the degree of colocalization. Hence, although an increase in the density of red and green labels in the image leads to increased red, green as well as overlapping (yellow) intensities, the calculated correlation-based colocalization value will still be very little affected. Similarly, the spatial resolution will not greatly influence the co-localization data obtained. Further, random noise or even random unspecific binding of the labeled antibodies or Ig aggregates will have little effect on the correlations since the positions of the nonspecifically bound antibodies are random. Therefore, they will not result in correlations within or between the different intensity signals. However, although the Pearson algorithm is robust against density or low resolution it is a one-value method, and the results will therefore be difficult to interpret if the molecular quantities are very different in two different channels. In contrast, the ICCS analysis determines the spatial correlation between pixels in different channels of an image, and is therefore advantageous when molecular quantities in two channels differ significantly. Our method is not affected by signal densities at STED resolution [12, 13] , and, in summary, this suggests that ICCS is a reliable quantification method of co-localization for this study.
To determine the nanoscale organization within FAs, we imaged the localization of key FA marker proteins, using two-and three-color super-resolution STED microscopy, which can provide resolution down to tens of nanometers. This allowed us to use ICCS to computationally analyze the distribution and co-localization of endogenous FA markers. Our observations indicate that FAs are composed of nanoscale units of adhesion protein particles in which actomyosin-dependent forces provide nonrandom control of the localization of different proteins.
Results

Three-color STED microscopy of FAs
When attached to extracellular-matrix-coated glass, fibroblasts develop distinct and wide actomyosin stress fibers that terminate in pronounced FAs. To clarify the nanoscale organization of different FA components in cells, we analyzed FAs at the leading edge of human fibroblasts 48 h after their seeding onto glass. We thus monitored the spatial distribution of four proteins that are known to localize to, and control the functions of, FAs: vinculin, paxillin, b3 integrin, and talin [14] . Much of the biochemical signaling events that occur at the cell surface in fibroblasts take place at FAs, and as a result, kinase activities and tyrosine phosphorylated proteins are enriched in these areas. Therefore, we also studied the distribution of phosphorylated tyrosine residues as a marker for FAs.
To allow clear identification of FAs, we analyzed their spatial localization along filamentous (F-) actin at 40-nm resolution by three-color STED microscopy, utilizing a recently demonstrated imaging approach that exploits differences in photo-stability between different fluorophores [15] . As expected, we observed enrichment of FA proteins at the ends of stress fibers, which identified these areas as FAs (Figs 1 and 2 ).
Intracellular forces regulate co-localization of FA components
Vinculin is a canonical adhesion-associated protein that is a central component in force transmission in FAs [16, 17] . To determine whether the FA markers co-localize to similar degrees inside compared to between FAs, we analyzed the spatial correlations of vinculin with the other FA proteins studied, using STED microscopy followed by ICCS analysis directly on the STED images. The dynamic range of detectable co-localization, using STED microscopy was determined by the use of positive and negative controls. As a positive control for co-localization, we stained vinculin with a primary antibody against vinculin followed by two different secondary antibodies that were conjugated with separate fluorophores. In this way, we got an estimate of the maximal amount of colocalization detected by this system. As the negative control for co-localization, we co-stained for vinculin and the intermediate filament protein vimentin, which is known to localize to the vicinity of, but not inside, FAs [18] [19] [20] . We compared the co-localization of these signals both inside and outside of the areas defined as FAs, based on the density of vinculin and markers in the merged image (Fig. 3) . For each sample, we acquired 11-15 images, each of which contained two to five adhesion zones, as shown in Fig. 4A . These images show vinculin as red fluorescence and the other FA markers as green fluorescence (Fig. 4A ). They were then analyzed computationally by ICCS method. In the FAs, the positive control yielded co-localization values of~60% (Fig. 4B) . It is important to note that the positive control did not yield 100% co-localization, but a maximum of 60%. This discrepancy between the theoretical and experimentally observed maximal co-localization value is most likely due to that the optical resolution of our microscope (~40 nm) approaches the sizes of primary and secondary antibodies (~10 nm each) and steric hindrance between the antibodies can also increase the interfluorophore distances [12] . In these FAs, vinculin showed a similar level of co-localization to paxillin (~30%) and b3 integrin (~30%), followed by talin (~25%) and phosphotyrosine (~20%) (Fig. 4B) . Therefore, we concluded that a significant fraction of the FA proteins were co-localized in these FAs. In the areas outside the FAs, the co-localization of vinculin with these markers was significantly reduced, with the P-values for colocalization inside and outside FAs given in Table 1 . In the areas outside the FAs, the highest level of vinculin co-localization was to paxillin (~15%), followed by b3 integrin (~10%), talin (~7%), and phosphotyrosine (< 5%). The talin and phosphotyrosine co-localization was in the same range as that of the negative control. Thus, we observed different levels of co-localization between vinculin and the different markers, with the corresponding P-values shown in Table 1 .
To normalize the levels of co-localization to the maximal and minimal obtainable values, we set the colocalization ratio of the positive control to 100%, and that of the negative control to 0%. The vinculin colocalization coefficients to the other adhesion markers after normalization according to these controls are shown in Fig. 4C . After normalization, the FAs showed co-localization of vinculin with paxillin and b3 integrin of~50% to 55%, compared to~35% with talin and phosphotyrosine (Fig. 4C) . We further observed that outside the FAs, the level of vinculin co-localization with paxillin was~20%, with b3 integrin~10%, and with talin~7%. Of note, vinculin showed no co-localization with phosphotyrosine (Fig. 4C) . The ICCS method that was used to quantify these co-localizations is not sensitive to the density of the labels, noise levels, or intensity variations [12] , as noise and random intensity variations are not correlated and thus do not contribute to the coefficients determined using this method. Therefore, the higher degree of co-localization inside FAs, as compared to outside FAs, indicates that at the molecular level, these markers are positioned to a greater degree at the same nanoscale site inside FAs, compared to outside FAs.
Different proteins can have different binding partners and be expressed in different absolute quantities, while the amount of a bound complex is of a finite level. This means that the binding fractions of protein A with protein B might not necessarily be equal to those of protein B with protein A. Therefore, it is important to consider both the red co-localization with integrin (red), talin (green), and phosphotyrosine (purple), as well as the positive (white) and negative (black) controls in FAs and outside FAs (non-FA). *, **, *** denotes P < 0.05, 0.01, 0.001, respectively (see also Table 1 ). (C) Quantification of colocalization of vinculin with the other adhesion markers after normalization with the positive and negative controls. Data were obtained from 3 to 5 images from 3 independent experiments, for a total of 11-15 images for each sample. Each image contained two to five FAs. the green marker, and the green co-localization with the red marker. We also analyzed the extents to which the markers showed in green in the images (as paxillin, b3 integrin, talin, and phosphotyrosine) co-localized with vinculin, including both the positive and negative controls. We observed that these components showed similar co-localization with vinculin in FAs, which were all at > 35%, with no statistically significant differences between them. The co-localization of paxillin, talin, and phosphotyrosine with vinculin was significantly lower outside FAs as compared to inside FAs (Table 1) . We observed~20% co-localization with vinculin by these markers, and lower co-localization of b3 integrin with vinculin, at~10% (Fig. 5A ). After normalization to the positive and negative controls, we observed that within FAs, the co-localization of paxillin, b3 integrin, talin, and phosphotyrosine with vinculin was 45-70% (Fig. 5B) . Outside the FAs, the normalized co-localization of paxillin, talin, and phosphotyrosine with vinculin was slightly < 40%, and to that of b3 integrin at~15% (Fig. 5B) . The P-values corresponding to these differences in co-localization between the protein pairs are shown in Table 2 .
After normalization against the positive and negative controls, the sum of the fractions of vinculin engaged in binding with the three adhesion proteins paxillin, b3 i ntegrin, and talin exceeded 100% (Figs 4C and 5B~140%). We further observed that, while co-localization of phosphotyrosine with vinculin was high (Fig. 5B) , co-localization of vinculin with phosphotyrosine was low (Fig. 4C ). This suggests that while vinculin is present where tyrosine kinase activities are elicited inside FAs, the largest fraction of vinculin inside FAs is localized in areas with no tyrosine kinase activity. This observation supports the concept that vinculin is important for signaling events within FAs.
To determine whether actomyosin contractile forces can regulate the nanoscale organization of adhesions, these cells were treated with the specific myosin II inhibitor blebbistatin, followed by super-resolution imaging and computational image-analysis. In comparison Fig. 5 . Co-localization of paxillin, b3 integrin, talin, and phosphotyrosine with vinculin is higher in FAs. (A) Quantification of co-localization of paxillin (blue), b3 integrin (red), talin (green), and phosphotyrosine (purple) with vinculin in FAs and outside FAs (non-FA). *, **, *** denotes P < 0.05, 0.01, 0.001, respectively (see also Table 1 ). (B) Quantification of co-localization after normalization to the controls of co-localization. Data were obtained from 3 to 5 images from 3 independent experiments, for a total of 11-15 images for each sample. Each image contained two to five FAs. to the nontreated cells, blebbistatin-treated cells showed a marked reorganization of the spatial distribution of the FA markers (Fig. 6A) . While both confocal and STED microscopy showed a redistribution of the markers, only STED microscopy allowed a detailed nanoscale analysis of the spatial redistribution, which often showed an increased localization of the markers at the cell periphery upon blebbistatintreatment (Fig. 7) . Upon blebbistatin-treatment, the markers were slightly enriched at the very edge of the cells (Fig. 6A ). This was despite the fact that blebbistatin greatly reduces the thickness at the cell periphery, and the markers therefore are expected to be more widely distributed at the periphery, than at a more central localization of blebbistatin-treated cells, or in nontreated cells. This localization of the marker was similar to the localization in fibroblasts overexpressing another agent linked to reduced RhoA-acto-myosinmediated contractile forces; the activity of the Rho GTPase Rac1 (Fig. 6A , lower panel) [21] . Using STED microscopy followed by ICCS to compare the co-localization of vinculin to markers, and marker to vinculin, between blebbistatin-treated and nontreated cells, we observed a general decrease in co-localization between the markers in blebbistatin-treated cells (Figs 4B and 5A versus Fig. 6B ,C, Table 3 ). This observation that the co-localization between vinculin and FA markers depends on an actomyosin-driven force is in line with previous observations [16, [22] [23] [24] .
Intracellular forces have nonrandom control on the distances between the FA components A separate approach to quantify the nanoscale organization of FAs is to measure the distances between FA markers using nearest neighbor analysis. This method is commonly applied to high resolution studies where single targets become visible and therefore the distance between individual targets can be calculated. In contrast to the co-localization analysis, nearest neighbor analysis is more dependent on the density of the labeled targets but provides useful information regarding their nanoscale organization. We used nearest neighbor analysis to determine the extent to which these marker proteins localize within distances that match the size of the adhesion-related particles. The reported size of these particles is approximately 25 nm in diameter [25] . Taken together with the sizes of the primary and secondary antibodies for the immunofluorescence labeling that are approximately 10 nm each, and the 40 nm resolution of the microscope, we expect that the signals from proteins which are likely to reside within the same particle to be detected within a distance of 60 nm from each other. We compared the probability that vinculin and the markers were localized within 60 nm in nontreated and blebbistatintreated cells. Here, in blebbistatin-treated cells, we observed a significant decrease in the fraction of all of the markers localized proximal to each other in the FA areas (Fig. 8A) . In contrast, when comparing the areas outside FAs, blebbistatin treatment resulted in increased probability of vinculin, paxillin, talin, and phosphotyrosine, but not of b3 integrin, to reside within 60 nm of vinculin (Fig. 8A ). The corresponding P-values are shown in Table 4 . This increase can be attributed to the redistribution of these molecules after blebbistatin-induced spatial redistribution of FA markers. We further analyzed how blebbistatin influenced the distances between the different FA markers with other molecules of the same marker (i.e., marker-to-self distances). We observed that as compared to the markerto-self distances in areas within FAs in nontreated cells, blebbistatin-treated cells showed increased fractions for paxillin and talin, but not for integrin and phosphotyrosine. When compared to the marker-toself distances in areas outside FAs in nontreated cells, blebbistatin-treated cells showed increased probabilities for integrin, talin, and phosphotyrosine, but not for paxillin (Fig. 8B ). The corresponding P-values are shown in Table 4 .
When comparing the distances between markers in the FAs of nontreated cells to blebbistatin-treated cells, we observed that blebbistatin decreased the 60-nm proximal fractions of the markers to the other types of markers, while it increased the marker-to-self fractions (Fig. 8) . Thus, blebbistatin decreased the distances between proteins of the same type, that is, the homomolecular distances displayed by the species in their short-range organization. A random redistribution of FA markers in areas outside FAs upon blebbistatin treatment would not lead to decreased homo-molecular distances, to levels that are (Fig. 9) . We observed that the markers were sometimes positioned at a more peripheral location of the cell (Fig. 6A) . We therefore speculate that loss of intracellular forces results in a redistribution of the markers that is not random. We further observed a bipolar behavior of the distance change between the markers upon blebbistatin treatment (see nearest neighbor data in Fig. 10A ). This bipolar behavior and the observation that blebbistatin increased the hetero-molecular distances while it decreased the homo-molecule distances would indicate that when blebbistatin releases the strain over the adhesions, the different types of molecules that in untreated cells are bridged by mechanical forces move apart, whereas the same molecules move closer to each other.
Discussion
To our knowledge, our STED three-color super-resolution images are the first to show the nanoscale localization of three endogenous proteins in a FA. Our data support the concept that adhesion proteins in FAs are organized into nanoscale protein particles. These data also indicate that actomyosin-generated forces exert a nonrandom control of the localization of proteins to these nanoscale protein particles. Our study demonstrates that at~30% of the sites where vinculin was localized, three (or more) different adhesion proteins were present. This indicates that there are protein particles that contain at least these three analyzed proteins (and possibly more) inside the FAs. This observation is in agreement with earlier findings by the Medalia group, who used electron microscopy to show that adhesion proteins in FAs are organized in 25-nm units, which they named focal adhesion-related particles; FARPs [25] . Our observations support the concept that adhesion proteins in FAs are organized into distinct nanoscale particles, such as FARPs, and this concept is supported by other studies that have demonstrated subdomains and punctuate distributions of adhesion proteins within FAs [7] [8] [9] 26, 27] .
In a recent publication, Hu et al. [28] used structured illumination microscopy to report that FAs appear to be composed of smaller subunits that are organized as elongated, typically 300-nm wide, subunits along the actin filaments. We do not observe such subunits to be a general pattern, and the difference in observation could be attributed to our different experimental conditions, such as different extracellular ligands or time allowed to attach and spread. Notably, while their analysis was performed 3 h postseeding, our cells had been allowed to adhere and spread for 48 h prior to analysis. We therefore expect that our extended incubation time result in adhesions that are more similar to fibrillar adhesions than the adhesions studied by Hu et al.
We showed here that the nanoscale co-localization of the FA markers was very different in FAs as compared to the areas outside FAs, with greater nanoscale co-localization in FAs. b3-Integrin binding to the ECM is considered to be an initial event that is required for accumulation of additional FA components. In agreement with this, Kanchanawong et al. [26] observed that when analyzed at the nanoscale level, the integrins are localized closer to the glass surface than the other FA components. In this study, the higher degree of co-localization between vinculin and the other proteins in FAs, compared to the non-FA areas, was most pronounced for b3-integrin. This might indicate an absolute requirement for b3-integrin to form the functional sites of these adhesive multiprotein complexes inside FAs. This is consistent with the observation of Rossier et al. [29] , who also worked at the nanoscale level to show that b3-integrin is stationary inside FAs. The observation that the degree of co-localization between the analyzed FA components was significantly lower outside FAs indicates that these nanoscale sites of cell adhesion are predominantly inside FAs. This is consistent with earlier observations that integrin inhibitors can be bound to integrins outside FAs, and displaced by integrin activators enriched in FAs [30] . ECM composition, dimensionality, and mechanical cues control cell adhesion, and the adhesive structures can be significantly smaller than FAs [31] . Recent findings have shown that the matrix architecture and the nanoscale distances between ligands control their cellular responses [32] , and that nanoscale FA particles are more densely packed in the FAs of fibroblasts lacking integrin-linked kinase [33] .
Together with the present data and previous reports showing nanoscale point-like distributions of adhesion markers, we hypothesize that the local concentrations and spatial distributions of the separate nanoscale units of adhesive protein particles constitute the basis of cell adhesion in vivo, and anticipate that nanoscale structural and co-localization analyses of FAs will become commonly used in studies of FAs function and structure.
We observed that at the nanometer scale, blebbistatin-treatment resulted in a slightly more peripheral localization of FA markers, reduced co-localization and increased distances between markers of different types. As described in Fig. 11 , we suggest that intracellular forces to a higher extent promote the co-localization of different FA markers to each other, than the colocalization between markers of the same type. To our knowledge, these are the first results that indicate this possibility. We propose that mechanical forces result in that different molecules interact, and that loss of force upon blebbistatin-treatment therefore causes molecules of the same type move closer to each other during a dissassembly of the FA. We observed that blebbistatintreatment induced a relocalization of the adhesion markers that was similar to observed in constitively active Rac1 expressing cells. However, we would like to stress that although both these agents control adhesions, it is most likely by different mechanism and at different time scales. We do not exclude the possibility that interactions with the ECM, force-dependent changes of the organization of the actin cytoskeleton, forces that remain after blebbistatin-treatment, or possible blebbistatin-induced effects that are independent of Fig. 11 . Working hypothesis. Schematic presentation of the suggested organization of adhesion marker proteins inside, and between FA, as indicated. Loss of contractile force decrease the co-localization between different types of adhesion markers, while it can increase the colocalization between markers of the same type. This is indicated by shorter distances between markers of the same type, than between markers of different types in the image. Taken together, this suggest that a contractile force exerts a nonrandom control on the localization of proteins within FAs.
acto-myosin contractile forces, can contribute to the blebbistatin-induced re-distribution that we observe.
Taken together, our data are consistent with the hypothesis that FA components are structurally organized into nanoscale sites of protein assemblies or particles within, and not outside of, FAs. The data highlight the possibility that intracellular forces exert a nonrandom control of the spatial organization of proteins in these nanoscale multiprotein particles. This detailed knowledge of the organization of cell-matrix adhesion at the nanometer scale increases our understanding of the physiological and pathophysiological processes that depend upon cell adhesion, such as embryogenesis and cancer progression.
Materials and methods
Cell culture and plating and transfection
Human primary skin fibroblasts at passage 55, ATCC Ò CRL-2522 TM , donated as described at the nonprofit biological resource center ATCC; http://www.lgcstandards-atcc. org/en.aspx, and in Refs [34] [35] [36] [37] were cultured in Dulbecco's modified Eagle's medium and 10% fetal bovine serum (both from HyClone, Thermo Fisher Scientific, Waltham, MA, USA) in a cell incubator, under 5% CO 2 at 37°C. These cells were plated onto glass coverslips in a cell culture dish containing culture medium, and left to spread for 48 h prior to treatment and analysis. Expression and analysis of constitutively active GFP-conjugated Rac1L61 was performed in NIH3T3 fibroblasts, as described previously [38] . Cells were treated for 1 h with 10 lgÁmL À1 blebbistatin (Sigma-Aldrich, St Louis, MO, USA) in cell culture media in the cell incubator, prior to analysis.
Immunofluorescence staining
The cells were fixed in 3.7% paraformaldehyde for 15 min at 37°C, and then permeabilized with 0.2% Triton X100 for 5 min at room temperature. The cover-slips with the cells were then washed in PBS for 10 min, and blocked in 1% bovine serum albumin in PBS for 1 h at room temperature. The anti-vimentin antibody for the negative control (V9; Sigma-Aldrich) was diluted 1 : 175 in 0.1% bovine serum albumin in PBS. Similarly, using 0.1% bovine serum albumin in PBS, the anti-phosphotyrosine antibody (PY99; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was diluted 1 : 100, the anti-paxillin antibody (Clone 349; BD Transduction Laboratories, Franklin Lakes, NJ, USA) 1 : 500, the anti-vinculin antibody (V4139; Sigma-Aldrich) 1 : 100, the anti-b3-integrin antibody (CD61; GTI Diagnostics, Aachen, Germany) 1 : 100, and the anti-talin antibody (Clone 8d4; Sigma-Aldrich) , to stain the primary vinculin antibodies for the positive control. For the negative control, the same polyclonal secondary antibody against vinculin labeled with Atto-647N was used, together with Atto-590-coupled secondary antibodies against vimentin. After the staining, the cells were washed by gentle shaking in PBS for 30 min at room temperature. The cover-slips were then dipped in double-distilled H 2 O, and mounted on a microscope slide using a mounting solution of 0.3 mgÁmL À1 glycerol and 0.12 mgÁmL À1 Mowiol in 60 mM Tris at pH 8.5.
STED microscopy
The STED microscope had two separate excitation beams of 570 AE 5 nm and 647 AE 5 nm, and two STED beams of 710 AE 10 nm and 750 AE 10 nm. Fluorescence was collected using two separate spectral channels of 615 AE 15 nm and 675 AE 15 nm. The STED beams passed through separate vortex phase plates (VPP-1; RPC Photonics, Rochester, NY, USA) to provide a donut transverse mode, such that excited molecules outside of the central minimum of the STED beam were stimulated back to the ground state, to leave only the very central molecules to fluoresce. The excitation and STED beams came from the same pulsed supercontinuum Fianium laser (SC-450-PP-HE; Fianium Ltd., Southampton, UK). The laser was set to 1 MHz frequency and the pulse duration was~100 ps. To reduce spectral crosstalk, a time delay of 40 ns was set between the excitation and STED beams of the two different color channels. The laser power for imaging was set to 200-500 nW for the excitation wavelengths, and to 0.8-1.4 mW for the STED wavelengths. Although this set-up had only two color channels, the separation of up to four target molecules was possible using the differences in the photo-stabilities of the fluorescent dyes, despite their similar spectra ranges, as shown previously [15] . The bleaching power for ATTO-647N coupled to phalloidin was set to 1 mW at 710 AE 10 nm, which was more than two orders of magnitude greater than the excitation power used for imaging. The image size was set to 10 9 10 lm 2 , with a pixel size (also known as the scanning step size) of 10 nm for the STED images and 50 nm for the confocal images, and a pixel dwell time of 1 ms. The intensity levels of the channels in all of the merged color images were adjusted using the automatic settings of Adobe Photoshop. The resolution for each of the three colors in our system is 40 nm.
Cell image processing
The immunofluorescence images were acquired using the IMSPECTOR software (Department of NanoBiophotonics, Max Planck Institute for Biophysical Chemistry, G€ ottingen, Germany), and exported as .dat files. This preserved each value of each pixel as the number of the originally detected photons in that pixel. The exported file was then imported and processed in MATLAB (MathWorks, Natick, MA, USA). Immuno-fluorescence images were first converted to binary images using the MATLAB 'graythresh' function. Then the cell boundaries and cell-matrix adhesion zones were identified using the MATLAB 'imdilate' function, with different sizes of disk-shaped structural elements, such that sparsely distributed fluorescence was separated from areas where the fluorescence intensities were more densely localized (Fig. 3) . The choice of the diskshape structural element sizes for the image dilation processes was based on empirical trials. As these areas could be identified separately, this allowed the extent of co-localization to be calculated specifically for cell-matrix adhesion and nonadhesion zones, as well as to discard irrelevant nonspecific fluorescence staining at the glass surface outside the cell boundary. We created differentially identified areas as mask functions, which with simple multiplication were combined with co-localization calculations and nearest neighbor analysis methods.
Co-localization calculations
Automatic threshold search: The automatic threshold search algorithm used a percentile function to set the threshold iteratively, until the pixels below the intensity threshold returned by the percentile threshold reached a Pearson correlation of zero, to indicate no correlation [12, 13] . Once the percentile threshold was defined, the intensities below the threshold were discarded as noise, and the remaining pixels were kept for further co-localization analysis.
Co-localization algorithms
The Pearson correlation coefficient has its mathematical definition as in Eqn (1):
where R i and G i are the intensities at pixel i in the red and green channels, respectively, and the horizontal bar denotes a mean operator for the corresponding channel.
The co-localization ratios defined by the ICCS approach [39] in the red and green channels were calculated as in Eqn (2) where r rg (0, 0) is the spatial cross-correlation amplitude for the red and green channel images at zero pixel lags, and r rr (0, 0) and r gg (0, 0) are the spatial auto-correlation amplitudes for the red and green channels, respectively. The spatial correlation function was defined as in Eqn (3) where the subscripts k and l are detection channels k and l, which can be either the same or different in terms of the autocorrelation and the cross-correlation calculations, respectively.
The spatial correlation function was fitted using a twodimensional Gaussian function, as in Eqn (4) where w 2 x and w 2 y are the laser beam radii for the x and y direction, respectively, and r ∞ is the off-set. The ICCS coefficients shared the same numerator, which was a function of the fluorescence labeling and physical binding of interacting molecules, while the spatial autocorrelation functions in the denominators were related to the point spread functions of the imaged points. This method is similar to more original approach called scanning correlation spectroscopy [40] and later on a method called raster image correlation spectroscopy (RICS) [41] . As a note, RICS has been both used combined with STED [42] and complementarily to STED imaging [43] . In this paper, the ICCS analysis is directly performed on STED images.
Nearest neighbor analysis
The nearest neighbor analysis was carried out by first identifying the peaks in the deconvoluted STED fluorescence images using a conventional supervised approach, and then running a home-written script to perform nearest neighbor distance calculations on the identified peaks, as in Ref. [44] . All calculations done on experimental images were carried out in MATLAB.
Simulation of fluorescence images
The simulation of fluorescence images with different degrees of randomized distribution inside cell adhesions and in whole cells as well as the subsequent calculation of nearest neighbor histograms were performed with GNU OCTAVE 4.0.3 (Austin, TX, USA) together with extra-associated Octave-Forge packages: geometry, communications and image. All simulated images have a size of 10 9 10 lm 2 with 1000 9 1000 pixels and equal particle numbers of 2500 in each cell. For simulating confocal and STED images, dot images were first generated and were then convoluted with Gaussian-type point spread functions of different widths corresponding to 40 and 250 nm resolutions. Neither noise nor optical aberrations were added to the images. For partially randomized protein distributions within FAs, half of the proteins were completely spatially randomized, while the other half of the proteins were organized into clusters with radii of 50 nm, each cluster on average containing 4 member proteins. The parameters were chosen arbitrarily as the intention for the simulation was not to reproduce the experimental data but to show how the spatial distribution organization of different proteins can affect the analytical results. The histograms were accumulated from nearest neighbor analysis of 5 sets of simulated dot images.
Statistical analysis
The cells were imaged from three separately prepared samples at different dates for all of the experimental samples. In all, 11-15 images were analyzed for each case. All of the error bars in the figures are given as standard deviation, as determined from the whole sample set, of n = 11-15. Twotailed t-tests with unequal variances were used to determine the significant differences, as the P-values, of the co-localization ratios within FAs and outside FAs.
